and their direct ancestor C-type natriuretic peptide 3 (CNP3) exert potent osmoregulatory actions in fish. However, very little is known about their roles in embryonic osmoregulation. In this study, we performed loss-of-function analysis using euryhaline medaka (Oryzias latipes), which has lost ANP and VNP during evolution and thus possesses only BNP and CNP3. We found that the maintenance of whole-body osmolality in seawater embryos was impaired by the knockdown of BNPϩOLGC7 (BNP receptor) or CNP3 alone from 1 day postfertilization, and the CNP3 knockdown was accompanied by greater water loss. The impaired osmoregulation in the knockdown embryos was not due to the suppressed expression of major transporters for NaCl excretion via ionocytes or of key enzyme genes for metabolic water production, but to the impaired blood circulation to the yolk-sac membrane caused by abnormal heart development. We detected a strong positive correlation between impaired blood circulation and increased body fluid osmolality and pharmacological blockade of blood flow increased body fluid osmolality in seawater embryos. We also found that the exaggerated water loss in CNP3 knockdown embryos is related to the failure to suppress aquaporin (AQP3, AQP4, and AQP9) gene expression. These results show that CNP3 decrease water permeability of body surfaces and that both BNP and CNP3 ensure sufficient blood flow to the yolk-sac membrane for efficient salt excretion by ionocytes and sufficient water production by yolk metabolism to promote seawater adaptation during early development in medaka. embryonic osmoregulation; circulatory development; ion secretion; water regulation; gene knockdown MARINE TELEOST FISH MAINTAIN body fluid osmolality at approximately one-third that of seawater (SW) by drinking SW, absorbing most of ingested SW by the intestine, and excreting excess Na ϩ and Cl Ϫ by the gills (9, 12, 22, 28, 42) . Thus, drinking of environmental SW to compensate for osmotic water loss and excretion of excess Na ϩ and Cl Ϫ by ionocytes are of primary importance for adaptation of teleost fish to the hyperosmotic marine environment. To survive in hyperosmotic SW, teleost fish have to regulate their body fluid osmolality throughout their life. After spawning of marine fish, eggs from isosmotic internal environment of their mother are directly exposed to the hyperosmotic SW. Therefore, embryos (fertilized eggs) must be equipped with the osmoregulatory machineries to cope with acute changes in the external salinity during early development. It is known that euryhaline fish embryos can survive in SW, but the strategy for osmoregulation is different from adult fish during early development because osmoregulatory organs, such as the gills, intestine, and kidney, are not fully functional. Furthermore, the mouth of embryo is not open before hatching, as reported in the killifish (10) and in Mozambique tilapia (33), and thus they cannot drink to cope with dehydration. Very little is known about how marine fish embryos acquire water in SW, but they should utilize metabolic water by metabolizing nutrients accumulated in the yolk. Metabolic water refers to water formed inside the cells by oxidizing nutrients such as carbohydrates, lipids, and proteins. Together, with water, ATP is also produced by the electron transport chain in mitochondria and used as "energy currency" to drive Na ϩ /K ϩ -ATPase (NKA) in ionocytes (12, 49) . Teleost embryos and newly hatched larvae do not have fully functional gills, so they depend for ion transport on ionocytes in the yolk-sac membrane; however, the mechanisms of osmoregulation in early developmental stages of teleosts are still poorly understood (1, 54) .
MARINE TELEOST FISH MAINTAIN body fluid osmolality at approximately one-third that of seawater (SW) by drinking SW, absorbing most of ingested SW by the intestine, and excreting excess Na ϩ and Cl Ϫ by the gills (9, 12, 22, 28, 42) . Thus, drinking of environmental SW to compensate for osmotic water loss and excretion of excess Na ϩ and Cl Ϫ by ionocytes are of primary importance for adaptation of teleost fish to the hyperosmotic marine environment. To survive in hyperosmotic SW, teleost fish have to regulate their body fluid osmolality throughout their life. After spawning of marine fish, eggs from isosmotic internal environment of their mother are directly exposed to the hyperosmotic SW. Therefore, embryos (fertilized eggs) must be equipped with the osmoregulatory machineries to cope with acute changes in the external salinity during early development. It is known that euryhaline fish embryos can survive in SW, but the strategy for osmoregulation is different from adult fish during early development because osmoregulatory organs, such as the gills, intestine, and kidney, are not fully functional. Furthermore, the mouth of embryo is not open before hatching, as reported in the killifish (10) and in Mozambique tilapia (33) , and thus they cannot drink to cope with dehydration. Very little is known about how marine fish embryos acquire water in SW, but they should utilize metabolic water by metabolizing nutrients accumulated in the yolk. Metabolic water refers to water formed inside the cells by oxidizing nutrients such as carbohydrates, lipids, and proteins. Together, with water, ATP is also produced by the electron transport chain in mitochondria and used as "energy currency" to drive Na ϩ /K ϩ -ATPase (NKA) in ionocytes (12, 49) . Teleost embryos and newly hatched larvae do not have fully functional gills, so they depend for ion transport on ionocytes in the yolk-sac membrane; however, the mechanisms of osmoregulation in early developmental stages of teleosts are still poorly understood (1, 54) .
A number of hormones have been implicated in adaptation of teleost fish to SW (44) , among which cardiac natriuretic peptides (NPs), including atrial natriuretic peptide (ANP), b-type natriuretic peptide (BNP), ventricular natriuretic peptide (VNP), are most promising candidates. ANP and VNP are the most potent hormones of the group in inhibiting drinking and intestinal absorption of Na ϩ and Cl Ϫ in the eel, and infusion of these hormones decreases plasma Na ϩ concentration in SW eels (27, 43, 50) . More recently, BNP and C-type natriuretic peptide 3 (CNP3) are also shown to inhibit drinking and decrease plasma Na ϩ concentration in SW eels (31) . It is now known that CNP3 is a direct ancestor of cardiac NPs, and ANP, BNP, and VNP are generated by tandem duplication of the CNP3 gene (15, 16) . Thus, it is intriguing to note that CNP3 still retains the functionality of cardiac NPs. In medaka, the ANP and VNP genes have been lost during evolution, and (15, 16) . In several teleost species, a rich representation of ionocytes populates the yolk-sac membrane and skin of embryos and larvae, acting as ion-absorbing cells in freshwater (FW) or secreting cells in SW like those seen in the gill of adult fish (22, 46) . In addition, embryonic and larval osmoregulation should involve low permeability of epithelial cells that contact external media to limit passive fluxes of water and ions, particularly water efflux to limit water loss in SW as the embryo has no means to obtain water from the environment (54) . Aquaporins (AQPs) assume important roles in regulating water permeability across cell membranes (5, 47) . Thus, developmental regulation of such transporters and channels is critical for embryos to survive in SW. In addition, blood circulation must be maintained normally to the yolk-sac membrane during embryonic development to supply sufficient oxygen and ions to ionocytes for ion secretion and sufficient substrates from egg yolk to all body cells for metabolic water production to cope with obligatory water loss (7, 56) .
The small fish models, including specifically the medaka (Oryzias latipes), are powerful tools to examine the role of NPs in osmoregulation during development through loss-of-function analysis by means of gene knockdown technique (36) . It is also shown that medaka can fertilize and develop normally to adulthood in SW (14) . In this study, therefore, we attempted to examine the osmoregulatory function of two cardiac NPs (BNP and CNP3) using a gene knockdown technique in medaka and to define conclusively their osmoregulatory role in the developing embryo. We found that body fluid osmolality decreased gradually, according to the developmental stages in normal embryos in SW, but the knockdown of cardiac NPs impaired osmoregulation of SW embryos compared with controls. Thus, we attempted to analyze the cause of the failure in terms of the three major mechanisms for embryonic osmoregulation: the expression of major ion transporter genes for NaCl secretion by ionocytes, the expression of key enzyme genes for metabolic water production, and the expression of AQP genes for water retention. The involvement of circulatory impairment in the maladaptation was examined in knockdown embryos, as we have observed abnormal cardiac development in NP knockdown embryos (32) . Finally, we also induced artificial circulatory impairment in normal embryos by pharmacological treatment to examine its effects on body fluid osmolality.
MATERIALS AND METHODS
Animals. Mature Japanese medaka of d-rR strain, which were provided from National Bio-Resource Project (National Institute for Basic Biology, Okazaki, Japan), were maintained in FW at 28°C in a recirculating system under a 14:10-h light-dark photoperiod. The embryos were directly transferred to and incubated in aged tap water or autoclaved natural SW with 0.0001% methylene blue at 26°C. For preparation of SW-acclimated adult medaka, fish were transferred from FW to SW through 1/3 SW and kept for at least 2 wk prior to the experiments. All animal experiments described in this paper were performed in accordance with the Manual for Animal Experiments prepared by the Animal Experiment Committee of the University of Tokyo.
BNP and CNP3 gene knockdown. Engineered antisense peptide nucleic acid (gripNA; Active Motif, Carlsbad, CA) was used for the gene knockdown experiment. GripNA can inactivate a target gene for 8 days, corresponding to a period from fertilization to hatching in medaka (36) . In a previous study, only the double-knockdown of BNP (GenBank: NM_001104685) and OLGC7 (GenBank: NM_001105097) genes showed the serious phenotypic change in ventricular development, and the CNP3 (GenBank: NM_001104683) knockdown showed the serious defect in atrial development (32) . The same gripNAs were used for BNPϩOLGC7 and CNP3 knockdown, as previously reported. In brief, gripNAs were designed to overlap the translational start sites or the junction between intron and exon ( Table 1) . GripNAs were dissolved in 10 mM PBS (pH 7.5) at a final concentration of 0.5 mM (CNP3) and 1.0 mM (BNP and OLGC7), and injected into the cytoplasm of one-cell stage medaka embryos with incisive glass capillary. The fertilized eggs were stored in ice-chilled FW to stop development until injection. GripNA-injected eggs were directly transferred to FW or SW and incubated at 26°C until sampling. Toxicity by gripNA was not observed because no phenotypic changes appeared after only OLGC7 or BNP gene knockdown (1.0 mM), and no phenotypic changes appeared after double knockdown of BNP and OLGC7 genes except for those in the ventricles (32) . Therefore, a control injection was carried out using the PBS alone. A small number of knockeddown embryos showed growth retardation; however, the rate of growth-retarded embryos was low. Those growth-retarded embryos or abnormal developing embryos were removed before experiments.
Measurement of embryo osmolality. The embryo osmolality was measured, as previously described (57) . In brief, embryos were washed in balanced salt solution (BSS) (18) . After removal of the chorion by the hatching enzyme, ϳ10 embryos were pooled on the parafilm for one assay. The hatching enzyme was obtained from National Bio-Resource Project (National Institute for Basic Biology, Okazaki, Japan). The BSS was carefully removed by pipette, and the embryos were squashed onto a sample disc (6 mm in diameter) made of #1 filter paper (Whatman, Kent, UK), and osmolality was measured in a vapor pressure osmometer (model 5520; Wescor, Logan, UT).
Relationship between osmolality, blood flow velocity, and heart rate. Heart rate (HR) of embryos at 3 and 5 days postfertilization (dpf) was counted by atrial contraction under the microscope at 26°C for 30 s. The video of blood flow at the left common cardinal vein at 26°C were acquired by an imaging system (SZX12; Olympus, Tokyo, Japan) and a CCD camera (DP-50; Olympus). Blood flow velocity (m/s) was calculated from the following equation: BFV ϭ ⌬x/⌬t (BFV, blood flow velocity; ⌬x, average distance of red blood cell movement; ⌬t, time interval). Ten embryos were pooled, video was taken, and osmolality was measured as described in Measurement of embryo osmolality.
Triple-color whole-mount immunocytochemistry of ionocytes in embryos. For the detection of NKA-immunoreactive ionocytes, we used a rabbit polyclonal antiserum raised against a synthetic peptide corresponding to part of the highly conserved region of the NKA ␣-subunit (52) . The antibody to detect Na ϩ -K ϩ -2Cl Ϫ cotransporter (NKCC) was a mouse monoclonal antibody directed against 310 amino acids at the C terminus of human colonic NKCC1 (T4; developed by Christian Lytle and Bliss Forbush III, and obtained from the Developmental Studies Hybridoma Bank, IA). The antibody for CFTR was mouse monoclonal antibody against 104 amino acids at the carboxyl terminus of human CFTR (R&D Systems, Boston, MA). The immunoglobulin classes of anti-NKCC and anti-CFTR were IgG1 and IgG2a, respectively.
After removal of the chorion with medaka hatching enzymes, control, BNP/OLGC7-, and CNP3-knockdowned embryos at 3 dpf were fixed with 4% paraformaldehyde for overnight at 4°C. Fixed embryos were dehydrated with methanol and stored at Ϫ20°C until use. Embryo samples were rehydrated with 10 mM PBS containing 0.2% Triton X-100 (PBST) for 1 h, incubated with PBST containing 10% normal goat serum, 0.1% BSA, 0.02% keyhole limpet hemocyanin, 0.05% Triton X-100, and 0.01% sodium azide (NBPBST) for 2 h at room temperature, and then incubated with a mixture of anti-NKA, anti-NKCC/NCC, and anti-CFTR for 3 days at 4°C. Anti-NKA, anti-NKCC, and anti-CFTR were diluted 1:500, 1:1,000, and 1:250, respectively, with NBPBST. The samples were then incubated overnight at 4°C with a mixture of goat anti-rabbit IgG labeled with Alexa Fluor 405, goat anti-mouse IgG1 labeled with Alexa Fluor 555, and goat anti-mouse IgG2A labeled with Alexa Fluor 488 (Invitrogen, Carlsbad, CA), and diluted 1:500 with NBPBST. The samples were washed in PBST, observed, and photographed with a confocal laser scanning microscope (C1, Nikon, Tokyo, Japan). Z-stacks were rendered in three dimensions with EZ-C1 software (Nikon KD and CNP3 KD , respectively. Number (n) of samples are controls (FW: n ϭ 7, 3, and 8 and SW: n ϭ 8, 15, and 12 at 1, 3, and 5 dpf, respectively), intact (FW: n ϭ 9, 11, and 7 and SW: n ϭ 5, 8, and 8), BNPϩOLGC7 knockdown (FW: n ϭ 4, 4, and 4 and SW: n ϭ 3, 12, and 12) and CNP3 knockdown (FW: n ϭ 5, 6, and 4 and SW: n ϭ 4, 10, and 9). Values are expressed as means Ϯ SE. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001 compared with controls by Dunnett's multiple-comparison test. Values are expressed as means Ϯ SE. Number (n) of samples are FW (n ϭ 6) and SW (n ϭ 6). **P Ͻ 0.001. The mRNA levels are expressed as the ratio to those of EF1␣ mRNA after absolute real-time qPCR.
Vital staining and localization of ionocytes in yolk-sac membrane.
Staining of ionocytes was performed according to the previous study (29) . Embryos were directly transferred to SW at 2 h postfertilization (hpf) and kept to 4 dpf, and then transferred to SW containing 1 mM 2-(4-dimethylaminostyryl)-1-methylpyridinium iodide (DASPEI; Sigma, St. Louis, MO) for 1 h at 26°C. DASPEI is a mitochondrial vital probe that has been used to identify ionocytes (2, 24) . After the incubation, embryos were rinsed with SW and observed in a fluorescence stereomicroscope equipped with a GFP filter (MZFLIII; Leica, Wetzlar, Germany) and a digital camera (NIS element D system; Nikon).
Pharmacological blockade of heart beat. To confirm the effect of cardiac impairment on embryo osmolality, 2,3-butanedione monoxime (BDM; Sigma) was applied to embryos in SW. In zebrafish and medaka, BDM reduces heartbeat strength by blocking myofibrillar ATPase (2) . Embryos at 58 hpf were treated with 1, 10, and 20 mM BDM for 18 h. The embryos treated with 20 mM BDM showed complete stagnation of circulation and an occasional and weak atrial beating. After treatment, the embryos were washed in SW several times, chorion was removed, and osmolality was measured, as described in Measurement of embryo osmolality.
Measurement of water content in embryo. Knockdown and control embryos were sampled at 3 dpf. After anesthesia in 0.01% (wt/vol) tricaine methanesulfonate (Sigma) and 0.01% sodium bicarbonate in BSS, chorion was removed with hatching enzyme in BSS, and weight of embryos was measured using an electronic balance (ER-182A; Kensei, Ibaraki, Japan) after removing BSS carefully. Embryos were then freeze-dried in FD-81 (Eyela, Tokyo, Japan), and weighed again to calculate water content.
KD
Cloning of various mRNA sequences obtained from genome database. Total RNA was extracted from the pooled medaka embryos at 3 and 5 dpf and the gills of adult fish using ISOGEN (Nippongene, Toyama, Japan). To eliminate genomic contamination, all total RNA samples were treated with 1 unit of TURBO DNase (Applied Biosystems, Foster City, CA), according to the standard protocol. Partial fragments of targeted genes were isolated from RNA of heart and brain tissues using oligo (dT)20 primer and the Superscript III reverse transcriptase kit (Invitrogen, Carlsbad, CA), according to the manufacturer's protocol. Primers were designed to PCR amplify the three major ion transporters (specific regions of NKA␣1-subunit, NKCC1a, CFTR), metabolic enzymes (pyruvate kinase, PK; phosphofructokinase, PFK; glutamate dehydrogenase, GDH; acyl-CoA dehydrogenase, ACAD; citrate synthase, CS), and aquaporins (AQP0, 1, 3, 4, 7,  8, 9, 10a, 10b, 11, and 12 ), as shown in Table 2 . Those genes were searched from the Ensembl medaka genome database (http://www. ensembl.org/index.html) and National Bio-Resource Project Medaka database browser (http://www.shigen.nig.ac.jp/medaka/top/top.jsp). The accession numbers of those genes are shown in Table 2 . Amplified fragments were electrophoresed on 1.2% agarose gels and extracted using a Ultra-clean 15 DNA purification kit (MO BIO Laboratories, Carlsbad, CA), ligated into pGEM T-easy vector (Promega, Madison, WI), and sequenced using ABI 3130 DNA sequencer (Applied Biosystems) to confirm the identity to the gene sequence.
Quantitative real-time PCR. The amount of mRNA was determined by real-time qPCR assay using a 7900HT Sequence Detection System (Applied Biosystems). Knockdown and control embryos were sampled at 3 dpf (n ϭ 6 samples, 4 -7 embryos per sample tube), and mRNA was extracted, as described above. One micogram of DNasetreated total RNA was reverse-transcribed by using high-capacity cDNA reverse transcription kits (Applied Biosystems). Partial cDNAs were cloned using specific primer set (Table 2) , sequenced, and used as standards. The amount of plasmid was determined in triplicate by a Nano-drop 1000 (Thermo Fisher Scientific, Waltham, MA). The plasmids were serially diluted, and a standard curve was generated. To achieve quantitative values, we performed absolute real-time qPCR to all targeting genes using standard measured absolute amount. Thereafter, to correct for the effect of knockdown and the amount of RNA, we used elongation factor 1␣ (EF1␣, AB013606) as an internal control. EF1␣ mRNA levels were stable from 10 h post fertilization in embryos (32) . All real-time qPCR data are shown as the quantity relative to EF1␣. Primer sets for real-time qPCR were designed using Primer Express software (Applied Biosystems) ( Table 2 ). Each reaction contained 10-l mixture consisting of 5 l KAPA SYBR (KAPABIOSYSTEMS, Boston, MA), 0.04 l each of 50 M forward and reverse primers, and 1-l sample or cDNA template. All samples were measured in duplicate.
Statistical analyses. Results were expressed as means Ϯ SE. Dunnett's multiple-comparison test was used for real-time qPCR and BFV, HR, and osmolality data. Steel's multiple-comparison test was used for water content. A two-sided Student's t-test was used for some HR or BFV data. The correlation between osmolality and BFV was calculated by regression analysis followed by ANOVA. Significance was set at P Ͻ 0.05. All statistical analyses were performed using Kyplot 5.0 (Kyenslab, Tokyo, Japan).
RESULTS

Effects of BNP and CNP3 knockdown on body fluid osmolality.
The embryos with knockdown of both BNP and its receptor (OLGC7) are termed "BNP knockdown embryos" hereafter. In FW, there were no significant differences in body fluid osmolality between knockdown and control embryos for 1-5 dpf (Fig. 1A) . In SW, however, the embryo osmolality was much higher than that of FW embryos and decreased gradually from 352.3 Ϯ 3.9 to 324.0 Ϯ 6.3 mOsm/kg in controls and from 358.0 Ϯ 9.5 to 324.0 Ϯ 4.4 mOsm/kg in intact embryos (uninjected) at 1 and 5 dpf, respectively. The body fluid osmolality of knockdown embryos was already higher than controls from 1 dpf, and the higher levels continued for 5 dpf (Fig. 1B) . There was a difference in the pattern of body fluid osmolality in the knockdown embryos in SW; the BNP knockdown embryos decreased it in parallel with controls during development, but the CNP3 knockdown embryos remained high in body fluid osmolality for 5 dpf (Fig. 1B) .
Effects of BNP and CNP3 knockdown on transporters for ion secretion. As BNP or CNP3 knockdown embryos had higher body fluid osmolality than controls, we examined the expression of three major ion transporters (NKA, NKCC1a, CFTR) that are responsible for NaCl secretion from SW-type ionocytes to examine their possible involvement in the regulation. In gills of adult medaka, we confirmed that NKCC1a and CFTR genes were upregulated after acclimation to SW (Table 3) ; in embryos, the expression of the transporter genes did not change after BNP knockdown, but the expression of NKA and NKCC1a genes were upregulated after CNP3 knockdown at 3 dpf compared with controls (Fig. 2, A-C) . To clarify effects of BNP or CNP3 knockdown on protein expression of these transporters, SW embryos at 3 dpf were examined by means of triple-color whole-mount immunocytochemistry (for NKA, NKCC1, and CFTR) (Fig. 2, D-R) . In the lateral view of SW embryos at 3 dpf, a large number of NKA-, NKCC-, and CFTR-immunoreactive ionocytes were distributed in the yolk-sac membrane, although the difference of ionocyte organization was not observed among the groups (Fig. 2, D-F) . NKA and NKCC1 proteins colocalized to the basolateral and tubular network membranes of ionocytes in the yolk-sac membrane of SW embryos (Fig. 2, G, H, J, K, L, N, O, P, and R) . A low level of CFTR signal was detected in NKA-and NKCC1-immunoreactive cells (Fig. 2, I, J M, N, Q, and R) . The difference of ion-transport protein expression was not clearly observed among the group (Fig. 2, G-R) .
Effects of BNP and CNP3 knockdown on energy metabolism. Effects of BNP or CNP3 knockdown on the expression of key enzyme genes related to energy metabolism were examined by real-time qPCR in SW embryos at 3 dpf. Among metabolic enzymes, we chose phosphofructokinase (glycolysis), pyruvate kinase (glycolysis), glutamate dehydrogenase (proteolysis), acylCoA dehydrogenase (lipolysis), and citrate synthase (tricarboxylic acid cycle) as key enzymes for each substrate and metabolic cycle (Fig. 3A) . However, the expression of these genes did not change after BNP or CNP3 knockdown (Fig.  3, B-F) . Relationship between body fluid osmolality and blood circulation. A negative correlation was detected between BFV and body fluid osmolality in BNP or CNP3 knockdown embryos at 3-5 dpf (Fig. 4, A and B) . The mean HR increased from 3 to 5 dpf in knockdown and control groups, but as the increase was retarded in the knockdown embryos, the mean HR is significantly smaller than controls at 5 dpf (Fig. 4C) . The BFV profoundly decreased in the knockdown embryos compared with controls at as early as 3 dpf, and the increase of BFV from 3 to 5 dpf was also reduced in the knockdown embryos compared with the significant increase in controls (Fig. 4D) .
After pharmacological blockade of cardiac function by BDM, BFV decreased dose-dependently and was completely blocked at 20 mM of BDM treatment. The body fluid osmolality of BDM-treated embryos increased in parallel with the decrease of BFV, and the increase became significant at 20 mM (Fig. 4E) . Fig. 4F shows mitochondria-rich ionocytes in the yolk-sac membrane of SW embryos stained with DASPEI. Many ionocytes were distributed in the vicinity of blood vessels in the yolk-sac membrane along the marginal and common cardinal veins.
Effects of BNP and CNP3 knockdown on water permeability. Water content of control embryos in FW was 82.0 Ϯ 2.9% at 3 dpf and 79.9 Ϯ 1.9% at 5 dpf, while the values of SW embryos were 75.0 Ϯ 1.7% at 3 dpf and 76.4 Ϯ 1.5% at 5 dpf (Fig. 5, A and B) . Water content decreased after CNP3 knockdown compared with controls, but the decrease was not significant after BNP knockdown in SW embryos, suggesting severe dehydration in the CNP3 knockdown embryos (Fig. 5) .
Effects of BNP and CNP3 knockdown on AQP gene expression. As CNP3 gene knockdown induced greater dehydration as shown by the higher body fluid osmolality (Fig. 1 ) and lower water content (Fig. 5) , the involvement of AQPs in water permeability was examined in the embryos. Among 11 AQP genes identified in the medaka genome database, AQP0, 1, 3, 4, 8, and 9 were briskly expressed, and AQP10b was faintly expressed in SW embryos at 3 dpf, while AQP7 and AQP12 were expressed faintly in FW embryos (Fig. 6A) . AQP10a was strongly expressed in the intestine of adult medaka, but AQP11 was not expressed in any tissues examined (brain, heart, intestine, and ovary) even in adults (data not shown). Among  AQP0, 1, 3, 4, 8, 9 , and 10b genes, the expression of AQP0, 1, 8, and 10b genes was not different between control and knockdown embryos, but the expression of AQP3, 4, and 9 genes increased in CNP3 knockdown embryos but not in BNP knockdown embryos in SW at 3 dpf (Fig. 6, BϪH) .
DISCUSSION
Cardiac NPs and their ancestral molecule, CNP3, are important for the acute phase of osmoregulation after transfer from FW to SW in eels (31, 43, 50) . However, the role of cardiac NPs on osmoregulation in the embryo has not been examined yet. Therefore, we performed knockdown experiments using medaka embryos to evaluate the role of cardiac NPs in seawater adaptation.
Effects of knockdown on body fluid osmolality. We first examined the changes in whole-body osmolality of medaka embryos during development. The embryo squashes contain both intracellular fluid and extracellular fluid (blood plasma, intercellular fluid, and yolk sac fluid). In a previous study using the squash of larger tilapia embryos, there were no differences in osmolality among blood plasma, intercellular fluid, and yolk sac fluid (57) . In this study using medaka, we found that the body fluid osmolality was much higher in SW embryos than in FW embryos and that the osmolality of SW embryos decreased gradually during development from ϳ360 mOsm/kg at 1 dpf to 330 mOsm/kg at 3 dpf and was maintained within a narrow physiological range until 5 dpf. In the developing medaka embryo, the blastoderm covers the yolk completely and the epiboly is completed at stage 19 (1.2 dpf) (21), ionocytes appear in the yolk-sac membrane at stage 20 (1.3 dpf), and their number increases in proportion to the developmental stage (46) . In addition, blood circulation begins at stage 25 (2 KD KD KD KD Fig. 5 . Water content of SW embryos at 3 dpf (A) and 5 dpf (B) in control (n ϭ 15, 13, at 3, and 5 dpf, respectively), BNPϩOLGC7 knockdown (BNPϩOLGC7 KD ; n ϭ 13, 15), and CNP3 knockdown (CNP3 KD ; n ϭ 14, 15) and intact FW embryos (n ϭ 10, 8). Values are expressed as means Ϯ SE. *P Ͻ 0.05 compared with controls by Steel's multiple-comparison test. Fig. 6 . Expression of aquaporin (AQP) genes in medaka embryos at 3 dpf (A). One microgram total RNA was reverse transcribed and subjected to PCR with 35 cycles. Effects of NP knockdown on AQP0 (B), AQP1 (C), AQP3 (D), AQP4 (E), AQP8 (F), AQP9 (G), and AQP10b (H) gene expression in controls (n ϭ 6), BNPϩOLGC7 knockdown (BNPϩOLGC7 KD , n ϭ 6), and CNP3 knockdown (CNP3 KD , n ϭ 6) embryos in SW at 3 dpf. Values are expressed as means Ϯ SE. *P Ͻ 0.05, ***P Ͻ 0.001 compared with controls group by Dunnett's multiple-comparison test. dpf) (19) . Therefore, the ability to regulate body fluids seems to develop between 1 and 3 dpf, and body fluid osmolality of embryos decreases in proportion to the development of ionocytes in the yolk-sac membrane. Nevertheless, the embryos in SW at 1 dpf already have the ability to maintain their body fluid osmolality around one-third that of SW.
Effects of knockdown on NaCl secretion. To identify the cause of high osmolality in knockdown embryos, we first examined the involvement of NaCl secretion from ionocytes. NaCl-secreting, SW-type ionocytes are characterized by the presence of NKA and NKCC1a on the basolateral membrane and CFTR on the apical membrane (22) . Expression and activity of NKA are often correlated directly with the environmental salinity in teleost fishes (7, 53) . The expression of NKCC1a and CFTR genes is also increased in the gills by transfer of teleost fishes from FW to SW (4, 13, 23, 39) , which is confirmed in medaka by this study. However, the NKA␣1-subunit gene (ATP1a1a), which is an NKA type in the SWtype ionocytes in tilapia and salmon (30, 48) , was not upregulated in SW medaka gills. Thus, different-type NKAs might be expressed in SW medaka ionocytes.
In the current study, BNP knockdown did not affect the expression of these transporter genes, while the expression of NKA and NKCC1a genes was unexpectedly up-regulated in the CNP3 knockdown embryos at 3 dpf. If CNP3 is involved in NaCl secretion, the expression of these transporter genes should be downregulated by the knockdown. It has been shown that in eels, branchial 22 Na ϩ efflux was not altered by ANP infusion, which is consistent with the lack of direct ANP action on the gill ionocytes (51) . Therefore, cardiac NPs may not be involved directly in NaCl secretion of ionocytes in the yolk-sac membrane. The increases in NKA and NKCC1a gene expression after CNP3 knockdown may be due to the notably high body fluid osmolality in the knockdown embryos.
Effects of knockdown on metabolic water production. Marine teleosts copiously drink SW and absorb Ͼ90% of ingested water by the intestine to compensate for water lost osmotically across the gill (9, 41, 42, 50) . However, developing medaka embryos are unable to drink through the mouth until the oral aperture is formed after stage 35 (5.5 dpf) (19) . In killifish, a previous report indicated that the embryo possesses a pair of branchial chambers that communicate anteriorly with the pharynx through embryonic gill slits, and that seawater can enter the embryonic pharynx without an opened mouth (10) . Ingested SW must be diluted to Ͻ400 mOsm to be absorbed by the intestine (40) , but the alimentary tract is not sufficiently developed and is not capable of diluting SW before 5 dpf. Therefore, metabolic water is probably the sole source of water gain for early embryos. It is, hence, likely that cardiac NP knockdown decreased metabolic rate and, thus, water production, resulting in the increase in body fluid osmolality. An interesting comparison to embryonic marine fishes can be made with desert rodents that also cannot drink freely in their arid environment. In the desert where oral water drinking is not possible, small desert rodents increase food intake and increase metabolic water production of nutrients to cope with obligatory water loss just like SW embryos in this study (45) . However, the expression of key enzymes involved in the metabolism of various nutrients (carbohydrates, lipids, and proteins) was not altered by the knockdown of cardiac NPs. This result suggests that the cardiac NPs do not regulate energy metabolism directly via such enzyme gene expression, although a possibility remains that they may regulate the activity of existing enzymes by phosphorylation. However, it was not possible to collect sufficient numbers of knockdown embryos for detection of the enzyme activity from such small embryos of microgram weight order.
Involvement of circulatory impairment. In the previous study, we found that the BNP knockdown induced ventricular hypotrophy and the CNP3 knockdown induced atrial hypertrophy in the developing medaka embryos, and the abnormal heart development is more severe in SW embryos than in FW embryos (32) . In this study, there was a negative correlation between BFV and body fluid osmolality in control embryos in SW. Consistent with the importance of blood circulation, the pharmacological blockade of blood flow by BDM increased body fluid osmolality in the SW embryos. These results strongly suggest that the normal circulation is necessary to maintain body fluid balance in developing embryos. There were also significant correlations between BFV and body fluid osmolality in knockdown embryos in SW. Thus, the osmotic imbalance in knockdown embryos may be due to the impaired blood flow to the ionocytes in the yolk-sac membrane and to the cells involved in yolk metabolism for oxidation water production.
To secrete ions via SW-type ionocytes, a constant supply of blood containing high-NaCl concentration to the ionocytes is necessary for NaCl excretion; then, the benefit of ionocytemediated salt extrusion is not available to the embryo proper (the main body of the embryo) when blood supply is reduced. In adults, the blood circulation in the gill has two routes, arterio-arterial (AA) and arterio-venous (AV) shunt, and the relative blood flow to the two routes plays a key role in differential regulation of gas change (AA shunt) and ionic regulation (AV shunt) (7, 37, 56) . In embryos, such regulation is simpler than adult fish because the gill is not developed and the yolk-sac membrane may play major roles in both gas exchange and NaCl regulation. In this study, we observed that ionocytes are localized along the blood vessels in the yolk-sac membrane, and some make direct contacts with the vessels. Thus blood circulation may influence the efficiency of NaCl secretion via ionocytes in SW embryos. The decreased blood flow to the yolk-sac may also decrease nutrient uptake from the yolk for metabolism and thus reduced metabolic water production. As BNP and CNP3 knockdown decreased BFV due to impaired cardiac development, the increased osmolality in SW embryo is most likely to be attributable to the circulatory impairment.
Effects of CNP3 knockdown on water permeability. In this study, CNP3 knockdown induced more pronounced dehydration than did BNP knockdown in SW embryos. These results suggest that CNP3 gene knockdown may affect water permeability of the SW embryo. We found that AQP0, 1, 3, 4, 8, 9, and 10b genes are expressed in SW embryos, and that AQP3, 4, and 9 gene expressions are significantly increased by CNP3 knockdown. AQP4 is considered to be water-selective (58), whereas AQP3 and AQP9, often referred to as aquaglyceroporins, are permeable to water, glycerol, and other nonelectrolyte solutes (6, 17) .
In mammals, the AQP1 and AQP2 proteins are expressed in the renal proximal tubules and collecting duct, respectively (8, 34) , and ANP blocks the AQP1 and AQP2-mediated increase in water permeability (25, 38) . In a previous study, CNP3 was shown to be an important atrial cardiac hormone, whereas ANP is established as the atrial hormone in mammals (32) . Therefore, CNP3, which replaces the role of ANP in medaka, may play an important role in the regulation of body fluid homeostasis via AQPs. However, very limited information is available on the identity and localization of AQPs during embryogenesis in teleosts. In killifish embryo, AQP3a is expressed early during development, which is localized in the basolateral membrane of the blastomere and the enveloping layer (47) . In adult fish, AQP3 is localized in the basolateral membrane of gill ionocytes in FW and SW tilapia (55) and killifish (20) . Similarly, AQP4 is localized along the basolateral membranes of gill pavement cells in the hagfish (35) . Both AQP3 and AQP4 mRNA are expressed in the skin of zebrafish (47) . It is possible that AQP3 and AQP4 are also expressed in ionocytes and pavement cells of the yolk-sac membrane of medaka embryos. AQP9 mRNA is expressed in the eyes, ovary, and gill in adult zebrafish (11) , but detailed localization of AQP9 within the cell is not yet available.
The increment of AQP3, 4, and 9 gene expression by CNP3 gene knockdown may enhance water permeability and thus osmolality of body fluids in SW embryo. Eggs of FW teleosts are almost impermeable to water, which was first proposed by Krogh and Ussing (26) . In SW embryos, water permeability was also very low in the killifish (10) . It is likely that embryos in SW have mechanisms to reduce the water permeability of body surfaces, since the ability to acquire water from the environment is not fully developed in early developmental stages. CNP3 may have important roles to reduce water permeability via inhibition of the expression of AQP genes during SW acclimation in medaka embryos. However, the transcriptional regulation of cardiac NPs on AQP genes is unknown. Therefore, in impaired osmoregulation by CNP3 knockdown, there are two possibilities, either the direct effect of CNP3 knockdown on AQP gene expression, or the indirect effect of CNP3 knockdown by the retardation of blood circulation due to impaired cardiac development. To clarify that CNP3 regulate the expression of AQP genes directly or indirectly, further investigation is needed.
Perspectives and Significance
To survive in hyperosmotic SW, teleost fish have to maintain their body fluid osmolality throughout their life. However, very little is known about the embryonic osmoregulatory mechanism. Accumulating evidence indicates that ANP, a cardiac NP, is one of the key hormones for SW adaptation in adult teleost fish (27, 43, 50) . The present study is an effort to elucidate whether cardiac NPs affect the embryonic osmoregulatory function. The primary significance of this study is that the importance of cardiac NPs for SW adaptation was confirmed by the loss-of-function experiment in the embryonic stages. The first finding is that the maladaptation in the knockdown embryo is primarily due to the impaired blood circulation, which differs from the result in adult fish in which regulation of drinking and subsequent absorption by the intestine are the targets of cardiac NPs. In addition, blood circulation is essential for maintenance of body fluid homeostasis. The second finding is that CNP3 acquired the role of ANP, which has been lost in medaka, and plays an important role in SW adaptation in embryos by suppressing the expression of AQP genes to maintain low water permeability against hyperosmotic media. In adult fish, cardiac NPs are holistic regulators of the system for SW adaptation throughout life. Our findings regarding NP knockdown in embryos may provide new insights into the role of cardiac NPs in SW adaptation and into embryonic osmoregulation in teleost fish and more generally in vertebrates. We expect in the future that loss-of-function studies will provide a new tool to evaluate the physiological function of osmoregulatory genes.
